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Part 1. 

BREMSSTRAHLUNG  PRODUCTION  IN  ALUMINUM AND IRON 

by William F. Dance  and Leo L. Faggerly 

V 



BREMSSTRAHLUNG  PRODUCTION IN AUJMINUM AND IRON 

INTRODUCTION 

Experimental  studies  at LTV under  Contract  NASw-948  are  concerned  with 

measurements of the  bremsstrahlung  produced  and  the  electrons  scattered  when 

various  materials  are  bombarded  with  monoenergetic  electrons.  This  work  was 

initiated  under  Contract  NASw-647,  during  which  data  were  obtained  which  de- 

scribe  pertinent  characteristics of the  bremsstrahlung:  spectral  distribution 

and  angular  distribution.  Bremsstrahlung  intensities  differential  in  photon 

energy  and  angle  were  measured  from  thick  targets  of  aluminum,  and  differen- 

tial  cross  section  measurements  were  initiated  for  thin  targets  of  aluminum 

under  that  contract.  The  electron  bombarding  energy  ranged  from 0.5 MeV  to 

3.0 MeV.  Work  during  the  past  year  has  been  an  extension  of  these  studies  to 

include  bremsstrahlung  measurements  for  targets  of  other  materials. 

W i n g  the  first  two  quarters  of  this  period  the  bremsstrahlung  work  in- 

cluded  measurement  of  thick  target  intensities  from  targets  of  aluminum  and 

iron  at  photon  angles  from 0 to 150 deg  in  the  electron  energy  range 0.5 

to 3.0 MeV.  During  the  third  quarter  the  study  consisted of further  analysis 

of the  thick  target  data  and  resumption of the  experimental  measurement  of 

thin  target  differential cross sections.  The  thick  target  data  analysis 

included  partial  correction  for  photon  absorption  in  targets  with  thick- 

nesses  greater  than  the  electron  range,  and  empirical  curve  fitting  to  the 

experimental  intensities.  Thin  target  differential  cross  sections  were 

determined for aluminum  at  two  bombarding  energies  and  three  angles, for 

comparison  with  past  measurements  at  the  National  Bureau  of  Standards.  In 
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the  last  quarter,  measurements  were  made  at  photon  angles  from 0 through 

X) deg  at 5 deg  intervals,  and  earlier  measurements  were  repeated  at 30, 4-5, 

and 60 deg for aluminum, for incident  electron  energies 0.5, 1.0, and 2.0 

MeV. Analysis of intensity  data  taken  for  iron  and  gold  at  the  above-men- 

tioned  angles  for  incident  electron  energies 1.0 and 2.0 MeV  is  currently 

in  progress. 

Efforts  during  the  past  year  to  improve  the  characteristics  of  the 

electron  beam  from  the  Van  de  Graaff  accelerator  have  resulted  in  a  well- 

collimated  beam  which  can  be  focused  to  a  spot  size  less  than 2 mm in  di- 

ameter.  Mapping of the  region  around  the  bremsstrahlung  target  holder  by 

means  of  a  solid  state  detector,  which  is a highly  sensitive  method  for 

observing  any  electrons  which  might  possibly  be  scattered  from  the  holder, 

indicated  that t,he amount of "halo"  around  the  beam,  if  any,  was  negligible. 

The  improvement  in  this  property  of  the  beam  made  possible  the  resumption 

of  the  thin  target  differential cross section  measurements  initiated  earlier 

in this  laboratory. 
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hxPERIMENTAL PROCEWRE 

The experimental  arrangement  for  the  bremsstrahlung  measurements of the  

present  study i s  shown schematical ly   in   Figure 1. The e lec t ron  beam from the  

LTV Van de Graaff accelerator   impinges a t  normal  incidence  on  the  target 

posit ioned a t  the  center  of an evacuated  cyl indrical  chamber, 1 2  inches   i n  

diameter  and  approximately 14  inches  high. The bremsstrahlung  radiation 

produced a t  t h e   t a r g e t  and  emerging a t  an  angle 0 t o   t h e   i n c i d e n t  beam 

direct ion  passes   through a t h i n  window i n   t h e  chamber wall, through a lead  

collimator,  and  then  through a de f in ing   ape r tu re   i n  a three- inch  thick  lead 

sheath which enc loses   the   sc in t i l l a t ion   spec t rometer .   In   f ront  of t he  

de tec tor  a permanent magnet i s  provided  for  the  purpose of sweepin.g out  any 

e lec t rons  which a r e   s c a t t e r e d   i n t o   t h e   s o l i d   a n g l e  of  acceptance of the  

detector .  

Targets   are  mounted on a ve r t i ca l   shay t  which  can be  driven  remotely 

fo r   pos i t i on ing   o f   e i t he r   t he   t a rge t  o r  a zinc  sulf ide  viewer  into  the beam. 

The posit ions  of  the  target  and  el-ectron beam spot  are  observed by a 

te levis ion  monitor .  TWindows i n   t h e   c y l i n d r i c a l  chamber a r e  of .OO5 inch 

mylar,  bonded t o   t h e   o u t s i d e  of the  chamber wall. With these  windows, ab- 

sorpt ion of the  bremsstrahlung i s  less than one percent a t  photon  energies 

above x) keV. The e l e c t r o n  beam en te r s   t he  chamber through a 1/4" carbon 

aperture .  

The ea r ly   t h i ck   t a rge t   da t a  were  taken  wi- th   the  targets   placed  in   the 

evacuated  cyl indrical  chamber as previou-sly  described. To increase  the 

number of small angles which are access ib le   to   the   de tec tor   the   sys tem was 

modif ied  to   a l low  the  target   d iscs  -to terminate  the  evacuated  elec-tron 
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Figure 1. Schematic of the experimental  arrangement. 



drift  tube.  This  procedure  leaves a continuous  range of angles from 0 deg 

to 60 deg  accessible  for  bremsstrahlung  observation. In the  case  of  the 

thinner  targets,  suitable  adaptors  were  fabricated  to  allow  use of small di- 

ameter  targets  which  support  the  atmospheric  pressure.  Target  thicknesses 

in  each  case  were  chosen so as  to  present  to  the  electron  beam a thickness 

of material  equal  to or  greater  than  the  maximum  range  of  the  electrons. 

The  target  chamber  is  isolated  electrically  from  the  electron  beam  tube 

and  from  the  chamber  support  stand,  to  enable  one  to  integrate  the  total 

electron  current  delivered  to  the  target  and  the  chamber,  and  thus  to  deter- 

mine  the  number  of  electrons,  incident  on  the  target  during a run.  Currents 

in  the  range  to  ampere  in  this  experiment  were  measured  with a 

current  integrator.  In  the  range  from  below  to  ampere,  currents 

were  measured  with  an  electrometer,  the  output of which  was  fed  into  the 

integrator. A third  method  of  current  integration  used  was  to  charge a 

known  capacitance  to a specified  voltage  measured  by  the  electrometer. 

The  target-to-detector  distance  is 98.1 cm, so that  with a 1/2 inch- 

defining  aperture  the  detector  subtends a solid  angle of 1.31 x 10 steradian. 

The spectrometer  carriage  can  be  rotated  through  angles  ranging  from 0 deg 

to 150 deg  with  the  target  as  center. Figure 2 shows  schematically  the 

spectrometer  and  its  output  arrangement.  The  scintillation  detector  is a 

2.32-inch  diameter  by 6 inch  long  NaI(T1)  crystal  surrounded  by  an  annulus 

of NaI(Tl), the  annulus  being  operated in anticoincidence  with  the  center 

- 4  

crystal.  Thus  only  those  pulses  from  the  center  crystal  which  are  not 

accompanied  by  coincident  pulses  in  the  surrounding  annulus  are  accepted 

for  analysis.  This  dual  crystal  arrangement  effectively  removes a substan- 

tial  portion of the  low-energy  part of the  detector  line  shape  which  is  due 
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Figure 2. Block  diagram of spectrometer  and  associated  circuitry. 



to  Compton  scattering  and  other  partial  absorption  processes in the  center 

crystal.  The  response of the  detector  to  monoenergetic  gamma  rays in the 

energy  range  of  interest  is  well  approximated  by  a  Gaussian  photopeak  and 

a  trapezoidal  low-energy  tail. A 7090 computer  program  was  written  to  re- 

move  this  response  from  the  pulse  height  distributions  to  yield  the  final 

spectra.  The  energy  calibration  and  the  efficiency  of  the  detector  were 

determined  experimentally  using  various  standard  gamma  ray  sources  having 

energies  ranging  from .279 MeV (Hgm3) to 2.754 MeV ( Na24). The  photopeak 

efficiency  is  about .94 at 200 keV and  decreases  to  approximately .25 at 

3.00 MeV. 

kergy calibration  of  the  electron  beam  from  the  accelerator  was  per- 

formed  using  lithium  drift  silicon  detectors  prepared  in  this  laboratory. 

These  detectors  were  used  to  count  the  electrons  scattered  by  thin  foils  in- 

serted  into  the  electron  beam.  Energy  calibration  of  the  detectors  was 

achieved  by  reference  to  the 625 keV  internal  conversion  electron  line  from 

Cs137  and  the 482 keV, 972 keV and 1.68 MeV  lines  of BP7. The  accelerator 

potential  was  measured  with  a  generating  voltmeter  and  read  by  a  vacuum 

tube  voltmeter.  The  accuracy  of  the  beam  energy  determination  is  estimated 

to  be k 15 keV. 

The  procedure  used  in  making  a  typical  data run to  obtain  a  bremsstrah- 

lung  spectrum  for  a  given  electron  energy T and  photon  angle 0 involves 

the  following  steps: 

0 

1. Accumulation of the  main  pulse  height  distribution:  Pulses  corres- 

ponding  to  photons  absorbed  in  the  center  crystal  are  amplified  and  fed to a 

256-channel  pulse  height  analyzer  (Figure 2). The  amplified  signal  from  the 
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annulus  serves  to  gate  off  the  analyzer for maximum  reduction in background. 

The analyzer  live  time  is  determined by the  ratio  of  the  number  of  pulses 

stored  in  the  memory  to  the  number  arriving  at  the  analyzer  with  pulse  height 

between  the.  lower  and  upper  level  discriminator  levels,  as  counted  by two 

fast  scalers.  In  each  run  counts  are  accumulated  for  a  fixed  total  charge 

of  electrons  on  target,  consistent  with  reasonable  counting  statistics. 

2. Background  run: A background  spectrum  is  accumulated  by  inserting 

a  remotely  operated  tungsten  absorber  between  the  target  and  the  detector 

and  observing  the  counts  for  one-half  the  total  fixed  charge  of  the  main 

spectrum.  The  diameter of the  absorber  was  chosen so as to shield on ly  the 

target  from  the  detector,  leaving  exposed  to  the  detector  all  background 

producing  areas  within  its  acceptance  angle. 

3 .  Background  subtraction:  The  background  data  are  subtracted  from 

the  main  pulse  height  data  after  correcting  each  group of data  for  analyzer 

live  time  and  normalizing  the  background  run  to  the  total  charge  of  the  main 

spectrum. 

Several  times  during  each  day  of  runs  a  detector  energy  calibration 

spectrum  is  accumulated  and  recorded  as  a  part  of  each  run  in  order  to  allow 

a  correction  for  gain  shift  in  the  spectrometer  during  the  day.  This  calibra- 

tion  spectrum,  along  with  the  main  spectrum, the background  spectrum,  the 

total  charge,  and  the  live  time  correction  factor,  are  input  data  peculiar 

to  each  individual  run, for the 7090 computer  program  used  to  calculate  the 

spectral  intensities. 

The 7090 computer  program  was  used  to  compute  the  following  quantities: 

1. Bremsstrahlung  spectral  intensities  differential  in  photon  energy 



and sol id   angle ,  k dn/dkdn, f o r  each  value  of 8 and  each  electron  energy To. 

2. D i f f e ren t i a l   y i e lds ,  dn/dkdn. 
3. For t h i n   t a r g e t s ,   d i f f e r e n t i a l   c r o s s   s e c t i o n s  (k/Z ) (da/dkdn). 

4. Spect ra l   in tens i t ies   in tegra ted   over   photon   angle  8, giving k dn/dk, 

2 

f o r  each  energy T ,wi th  o r  wi thou t   co r rec t ion   fo r   abso rp t ion   i n   t he   t h i ck -  

ness of mater ia l   in   excess   o f   the  mean electron  range. 

0 

5. Tota l   in tens i t ies   ( in tegra ted   over   photon   angle   and   energy)  

k dn/dk, for   each  e lectron  energy To. 



EXPFKCME3ITAL RESULTS 

The  experimental  intensity  spectra,  differential  in  photon  energy  and 

angle, for thick  targets of aluminum  and  iron  in  the  electron  energy  range 

0.5 MeV  to 3.0 MeV  are  presented in Figures 3 through X). 

For every  case  except  the 90 deg  spectra,  the  electron  beam  was  incident 

normally on the  target.  The 90 deg  spectra  were  taken  with  the  beam  at 45 

deg  incidence on the  target,  with  the  spectrometer  viewing  the  target  from 

the  same  side  as  the  incoming  beam.  Target  thicknesses  were  as  specified  in 

the  figures.  The  differential  spectra  presented  here  are  those  observed 

from  the  specified  thickness  of  material  without  correction  for  photon 

absorption in the  target.  The  first  group  of  curves,  Figpres 3 through 12, 

shows  the  energy  dependence  of  the  bremsstrahlung  production,  while  the 

second  group,  Figures 13 through x), exhibits  the angular dependence of the 

spectra  at  the  specified  incident  electron  energies.  In  all  cases  the  in- 

tensity  spectra  are  smoothly  decreasing  functions  of  the  photon  energy. 

The  spectra  integrated  over  photon  angle  are  given  for  aluminum  and 

iron in Figures 21 and 22, respectively,  as  a  function  of  incident  electron 

energy T . These  curves  were  obtained  by  integrating  the  spectra  for 0, 

2.5, 1.5, x), 30, 45, 60, 90, lx), and 150 deg.  The  integration  was  carried 

out  over  the  photon  energy  range 0 to T . The  low  energy  portion  of  the 

spectrum  was  determined  in  each  case  by  extrapolating  the  differential  spec- 

tra  to  zero  below  the  detector  cut-off  energy.  The  integrated  intensities 

are  corrected  for  photon  absorption in that  portion o f  the  target  material 

which  is  in  excess of one  mean  range.  Inasmuch as the  bremsstrahlung  pro- 

duction  is  peaked  at  small  angles,  recent  spectra  taken  in  the  modified 

0 

0 
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Figure 3. Bremsstrahlung in t ens i ty  a t  0 deg from thick aluminum targe ts ,  
f o r  incident e1ecl;ron energies  ranging from 0.5 t o  3.0 MeV. 
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Figure 4. Bremsstrahlung  intensity a t  1 5  deg from thick aluminum targe ts ,  
f o r  incident  electron  energies  ranging from 0.5 t o  3.0 MeV. 
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Figure 5. Bremsstrahlung in t ens i ty  a t  30 deg from thick aluminum targets ,  
for incident  electron  energies  ranging from 0.5 t o  3.0 MeV. 
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Figure 6. Bremsstrahlung  intensity a t  60 deg from thick aluminum targe ts ,  
for incident  electron  energies  ranging  from 0.5 t o  3.0 MeV. 
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Figure 7. Bremsstrahlung in t ens i ty  a t  120 deg  from thick aluminum targe ts ,  
for  incident  electron  energies  ranging from 0.5 t o  3.0 MeV. 
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Figure 8. Bremsstrahlung  intensity at 0 deg  from thick iron targets, 
for incident  electron  energies  ranging  from 0.5 to 3.0 NeV. 



d 
U 

lo-* 

1 

Figure 9. Bremsstrahlung  intensity at 15 deg from th ick  iron  targets, 
for incident electron energies  ranging from 0.5 to 3.0 MeV. 



Figure 10. Bremsstrahlung  intensity a t  30 deg from th ick   i ron   ta rge ts ,  
for incident  electron  energies  ranging from 0.5 t o  3.0 MeV. 



PHOTON ENERGY k, MeV 

Figure 11. 3remsstrahlung  intensity  at 60 deg  from  thick iron targets, 
for incident  electron  energies  ranging  from 0.5 to 3.0 MeV. 
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Figure 12. Bremsstrahlung  intensity a t  1X) deg from thick i r o n  t a rge t s ,  
for incident  electron  energies  ranging from 0.5 t o  3.0 MeV. 
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Figure 13, Bremsstrahlung  intensity measured a t  angles  ranging from 0 deg 
t o  150 deg, for 0.5 MeV electrons  incident  on a thick aluminum targe t .  
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Figure 15. Bremsstrahlung  intensity  measured a t  angles  ranging from 0 des  
t o  150 deg, for 2.0 MeV e lec t rons   inc ident  on a th ick  aluminum t a r g e t .  
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Figure 16. Bremsstrahlung  intensity  measured at angles  ranging  from 0 deg 
to 150 deg, for 3.0 MeV  electrons  incident  on a thick  aluminum  target. 
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Figure 17. Bremsstrahlung  intensity measured at angles ranging  from 0 deg 
to 150 deg, for 0.5 MeV electrons  incident on a thick iron target. 
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Figure 18. Bremsstrahlung  intensity  measured  at  angles  ranging 
from 0 deg  to 150 deg, for 1.0 MeV  electrons  incident  on a 
thick  iron  target. 
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Figure 19. Bremsstrahlung  intensity  measured  at  angles  ranging  from 0 deg 
to 150 deg,  for 2.0 MeV  electrons  incident  on a thick  iron  target, 
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Figure x). Bremsstrahlung  intensity  measured a t  angles  ranging from 0 deg 
t o  150 deg, f o r  3.0 MeV elec t rons   inc ident  on a thick i r o n   t a r g e t .  
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PHOTON ENERGY k, MeV 

Figure 21. Bremsstrahlung in tens i ty   spec t ra  from thick aluminum targets ,   in tegrated 
over photon  angle .0 f o r  incident  electron  energies 0.5, 1.0, 2.0, and 3.0 MeV. 
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Figure 22. Bremsstrahlung  intensity  spectra from thick i r o n  ta rge ts ,   in tegra ted  
over  photon  angle 8 for incident   e lectron  energies  0.5, 1.0, 2.0, and 3.0 MeV. 



forward  angle  chamber  at 0 deg  through x) deg  in 5 deg  steps  will  be  used 

to  revise  this  integration.  The  lower  photon  energy  limit  for  the  revised 

integration  will  be  chosen so that  these  results  can  be  compared  with  the 

spectra  calculated by Berger  at NBS. 

The  experimental  data of Edelsack,  et a1 (1) at NRDL provides a com- 

parison  of LTV thick  target  intensities  for  aluminum in the  case of 1.00 MeV 

electrons,  and a photon  angle of 0 deg. In that  experiment  absolute  yields 

were  measured  using a scintillation  spectrometer.  Agreement  for  this  spec- 

trum is good.  This  comparison  is  shown in Figure 23. The NRDL yields  have 

been  converted  to  intensities  for  comparison  purposes.  The LTV spectral 

yields for various  photon  angles  have  also  been  compared  with  the  theo- 

retical  values  calculated  at NBS by  Berger  and  Seltzer  using  Monte  Carlo 

methods (2). These  comparative  data  for  aluminum  are  shown in Mgures 24 

and 25 for 0.5 MeV  and 1X) deg,  and 2.0 MeV  and 1 5  deg,  respectively.  The 

curves show good  agreement  with  the  theoretical  values  above  approximately 

.4 To. Figures 26 and 27 present LTV preliminary  data  for  spectral  inten- 

sities  from  aluminum,  integrated  over  photon  angle,  compared  with  calcu- 

lations  by  Scott (3) at  Langley  Research  Center,  for 1.0 MeV  and 3.0 MeV 

electrons,  respectively. 

The  greatest  uncertainty in the  experimental  spectra  presented  here 

lies in the  measurement of the  integrated  electron  beam  for  determination 

of  the  number of electrons  incident on the  target. Throughout the  course 

of  the  experiment,  effort  has  been  directed  toward  increasing  the  accuracy 

of  this  measurement.  During  recent runs at 3.0 MeV,  fluctuations  in  the 

yield  were  observed,  which  were  possibly  attributable  to  photoionization 
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Figure 23. Comparison of LTV measurement of bremsstrahlung  intensity 
at 0 deg  from  a  thick  aluminum  target  bombarded  by 1.0 MeV  electrons 
with a spectrum  obtained at NRDL. 
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Figure 24. Comparison of thick target  bremsstrahlung yield from 
aluminum  at 120 deg and a bombarding energy of 0.5 MeV with 
values  calculated  at NBS. 
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Figure 25. Comparison of thick  target  bremsstrahlung  yield from 
aluminum,  at 15 deg  and  a  bombarding  energy of: 2.0 MeV,  with 
values  calculated  at NE3S. 
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Figure 26. Integrated  intensity of bremsstrahlung from a  thick 
aluminum  target  bombarded  by 1.0 MeV  electrons,  compared  with 
values  calculated  at  Langley  Research  Center. 
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Figure 27. Integrated  intensity of bremsstrahlung from a thick 
aluminum  target  bombarded  by 3.0 MeV  electrons,  compared  with 
values  calculated  at  Langley  Research  Center. 



of  the  air  surrounding  the  target,  with  subsequent  integration  of  spurious 

currents.  This  problem  is  being  carefully  investigated. An alternate 

method  of  beam  integration,  which  will  enable  one  to  observe  thick  target 

bremsstrahlung  with  little  attenuation  at  all  the  desired  forward  angles, 

will  be  utilized  as  follows: A second  chamber  containing  the  target  will 

be  placed  inside  the  evacuated  chamber  and  isolated  electrically from the 

latter.  Beam  current  striking  the  target  and  the  inner  chamber  can  thus 

be  integrated. By grounding  the  outer  chamber  it  will  serve  to  shield  the 

target  and  Faraday  cage  from  spurious  ionization  currents.  This  method 

also has  the  advantage  of  dispensing  with  the  use  of  a  vacuum  gasket  to 

isolate  the  target  assembly from the  accelerator. 

Throughout  the  measurements  the  uncertainty  has  been  less  in  the  spec- 

tral  shape  of  the  intensity  curves  than  in  the  absolute  value,  as  the  shape 

has  been  quite  repeatable  for  different  series  of  runs.  The  experimental 

uncertainty  in  the  absolute  value  of  the  intensities  presented  here  is 

estimated  to  be is X)$. A continuing  effort  is  being  made  to  increase  the 

accuracy  of  the  measurement. 

Some  effort  has  been  initiated  during  the  past  period  toward  determin- 

ing  from  the  thick  target  intensity  data  an  empirical  expression  which 

describes  the  bremsstrahlung  production in the  energy  range 0.5 to 3.0 MeV. 

It  is  apparent  that  if  one  could  find  a  simple  empirical  rule  that  would 

adequately  approximate  the  spectral  distribution  of  bremsstrahlung,  this 

would  greatly  facilitate  dose  calculations  and  other  engineering  applica- 

tions.  The  empirical  expression  which  describes  the  bremsstrahlung  pro- 

duced  by  nonrelativistic  electrons  has  come  to  be  known  as  Kramers'  rule (4). 
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The s p e c t r a l   i n t e n s i t y  i s  given  by 

I ( k )  = CZ (To - k) .  

A t  h ighe r   ene rg ie s   t he   da t a   i nd ica t e s   t ha t   t he   spec t r a l   d i s t r ibu t ion  i s  no 

longer well approximated  by  Kramers'  rule. A s  a modification t o  t h i s   r u l e ,  

a s p e c t r a l   d i s t r i b u t i o n  was assumed having  the  form 

I ( k )  = AZ (To - k )  e -BL,/To 
? 

i n  which the  parameters A and B are chosen so  as t o  f i t  t h i s   e m p i r i c a l   r u l e  

to   the   observed   spec t ra l   d i s t r ibu t ions .  This program  has met with some 

measure  ofsuccess  using  distributions from  aluminum and  iron. The ana lys i s  

i s  being  extended  to   fur ther   tes t   the  Z dependence, as i n t e n s i t y  measure- 

ments  from other   mater ia ls   are   obtained.  

Thin t a rge t   c ros s   s ec t ions   d i f f e ren t i a l   i n   pho ton   ene rgy  and angle were 

determined f o r  aluminum f o r  0.5 MeV and 1.0 MeV e lec t rons  and  pho.ton emission 

angles 15, 20, and 30 deg.  Thin,   self-supporting  targets were  prepared i n  

th i s   l abo ra to ry  by vacuum deposi t ion of t he  aluminum. Measurements  were 

taken  using  targets  of three  thicknesses:  122 pg/cm 265 pg/cm , and 

337 ;Lg/cm . The cross  section  values  obtained  from  these  clifi 'erent  thick- 

nesses  agree  to  within  the  error  in  the  experimental   determina-tion  of  the 

thicknesses (< 5$). Figure 28 shows t h e   r e s u l t s   i n   t h e   c a s e  of 0.5 MeV 

e lectrons,  f o r  1 5  and 30 deg. The experimental cross . ;ections  are 

averages  for   the  three  target   thicknesses .  The s o l i d  CI11 ' ' j cA  represent   the 

Bethe-Heit ler   theoret ical   cross   sect ions.   Figure 3 presents  a comparison 

or' t h e  1.0 r4eV d i f f e r e n t i a l  cross sections  with  the  Bethe-Heitl-er  theoreti-  

ca l   va lues .  The r e s u l t s   i n d i c a t e  that -this  theory  underesti:nates  the  cross 

2 ' 2  
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Figure 28. Thin  target  differential cross sections  for 0.5 MeV 
bremsstrahlung at photon energies k, and  photon  angles 15 and 30 deg. 
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Figure 3. Thin  target  differential  cross  sections for 1.0 MeV 
bremsstrahlung  at  photon  energies k, and  photon  angles 1 5  and 30 deg. 



sections  over most  of t he  1 5  deg  spectrum  and  over an appreciable  portion 

of  the 30 deg curve.  These  measurements are compared i n  Figures 30 and 

31 with  those  of Motz ( 5 )  a t  the  National Bureau of Standards. 

Cross sec t ion  measurements a t  small angu la r   i n t e rva l s   i n   t he   fo rward  

direc- t ion are highly  desirable ,  due to   the  increased  peaking of the  brems- 

strahlung  around  zero  degrees  with  increasing  electron  energy. Measurements 

a t  very small angles are experimentally more d i f f i c u l t   t o   o b t a i n ,  as t h e  

sca t t e red   e l ec t ron  beam after penet ra t ing   the   t a rge t  must be  def lected 

and   in tegra ted   in   the   near   v ic in i ty  of t h e   t a r g e t   w i t h o u t   a l t e r i n g   t h e   i n -  

cident  angle  and  focus  of  the beam on the  target.  Experimental  techniques 

required  to  accomplish  these measurements are  being  explored so t h a t  such 

measurements  can  be  obtained. 
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Figure 30. Cnmparison of LTV experimental cross Sections f o r  
aluminum a t  0.5 MeV and 30 deg  with  experimental  results of Xotz. 
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Figure 31. Comparison of LTV experimental  cross sec t ions  for 
aluminum a t  1.0 MeV and 30 deg with  experimental   resul ts  of Motz. 
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ELECTRON  SCATTERING IN  ALUMINUM 

by David H. Res ter  and Walter J. Rainwater, Jr. 





EUCTRON SCAmRING I N  ALUMINUM 

INTRODUCTION 

The f irst  twelve-month  period  of  an  experimental  program t o  s tudy  the 

in t e rac t ion   o f   e l ec t rons   w i th  matter by t h e  measurement o f   e l ec t ron   spec t r a  

has been completed  under NASA contract  NASw-948. This  study  consisted  of mea- 

surements of e l ec t ron   s ca t t e r ing   f rom  th in  aluminum f o i l s  and of   e lec t ron  

penetration  through aluminum slabs. O f  t h e  two types  of measurements t h e  

e l e c t r o n   s c a t t e r i n g  measurements are more f indamental ly   descr ipt ive of t h e  

in te rac t ion   of   e lec t rons   wi th   the  atom. The r e s u l t s  of these measurements 

are given as c r o s s   s e c t i o n s   f o r  Coulomb sca t t e r ing   o f   e l ec t rons  from the  a lumi 

num atom as a f 'unct ion  of   scat ter ing  angle  and incident   e lectron  energy.  The 

e lec t ron   pene t ra t ion  measurements consisted  of  the  de-termination of e l ec t ron  

energy  spectra  as a f u n c t i m   o f   e x i t   a n g l e  and slab thickness.  

The c ross   s ec t ion   fo r  Coulomb sca t t e r ing   o f   e l ec t rons  by  aluminum without 

a tomic  exci ta t ion are r epor t ed   fo r   i nc iden t   e l ec t ron   ene rg ie s   o f  0.1, 0.2, 

0.5, 0.7, 1.0, 1.25, 1.5, 2.0, 2.5 and 3.0 MeV at scat ter ing  angles   f rom 30 

t o  150 deg. The c ross   sec t ion   for   these   energ ies  and angles have  been com- 

pared t o   t h e  Mott cross  section  calculated  by  Spencer and  Doggett . The Mott 

c ros s   s ec t ion   ca l cu la t ions  were ca r r i ed   ou t   fo r  a point,  unscreened  nucleus. 

In  the  energy  range  from 0.1 t o  3.0 MeV for   sca t te r ing   angles   f rom 30 t o  150 

deg   t he   e f f ec t s   o f   f i n i t e   nuc lea r   s i ze  and  atomic  electron  screening are 

assumed t o  be neg l ig ib l e .  The cri teria for t h i s  judgment are based on t h e  

1 
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range of momentum t r ans fe r   va lues  q of .34 t o  13 ( i n  units of moc) for which 

measurements  have  been made. It is p red ic t ed   t ha t   s c reen ing  effects become 

important  in aluminum for q c 0.1. This  has been v e r i f i e d  by t h e   c a l c u l a t i o n s  

of Lin2 f o r  copper (Z = 29)  which predict   only  about  a 1% reduct ion  of   the 

c ros s   s ec t ion  at 0.1 MeV and a sca t te r ing   angle   o f  30 deg (q = .34). On t h e  

o ther  hand f i n i t e   n u c l e a r   s i z e  is not  expected t o  be s ign i f i can t   excep t  at 

la rge   va lues  of momentum t ransfer .   In   the   p resent   exper iment   the   l a rges t  

value  of momentum transfer   occurs   for   an  incident   energy  of  3 MeV and a 

sca t te r ing   angle   o f  150 deg. Here the   va lue   o f  q = 13 i s  s t i l l  considered t o  

be small enough f o r  aluminum t h a t   t h e   e f f e c t  on the   c ros s   s ec t ion   due   t o   t he  

nuc lear   charge   d i s t r ibu t ion  i s  small. 

The s tudy  of   the  t ransmission  of   e lectrons  through aluminum slabs  has  been 

concentrated on measurements f o r  1 " e V  e lectrons  with  normal   incidence  to   the 

slab. Pulse   he ight   d i s t r ibu t ions  of t ransmi t ted   e lec t rons  were taken at v a r i -  

ous  observation  angles  from 0 t o  90 deg  for  slab th i cknesses   equ iva len t   t o  0.2, 

0.4, and 0.6 the  range  of 1-MeV e lec t rons   i n  aluminum. Electron  energy dis t r i -  

but ions above 100 keV have  been  reduced  from the   pu l se   he igh t   d i s t r ibu t ions  by 

removing the  response  of  the  electron  spectrometer  system  to  monoenergetic 

e lec t rons .  These spec t r a  have  been compared t o   t h e   e l e c t r o n   e n e r g y   d i s t r i -  

bu t ions   ca lcu la ted  by M. J. Berger' of the  Nat ional  Bureau  of  Standards,  using 

Monte Carlo  techniques.  The comparisons  of  the  experimental and the   ca l cu la t ed  

e l e c t r o n   s p e c t r a   f o r  three sca t t e r ing   ang le s   fo r   each   t h i ckness  are presented. 

Additional  comparisons are a p l o t  of the  e lectron  yield  integrated  over   energy 

as a function  of  angle and a p lo t   o f  the most probable  energy loss at each 

angle   for   each   th ickness  as a function  of  angle.  
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E3CPERIMENTAL PROCEDURE 

The arrangement  of  the  experimental  apparatus i s  shown i n  Fig.  1. The 

s c a t t e r i n g  chamber was made of aluminum with an inside  diameter  of t e n  inches. 

The e l ec t ron   de t ec to r s  were mounted on cooling  man'folds  suspended  from  the 

top   o f   t he  chamber, which  could  be rotated  through 360 deg. A t a r g e t   h o l d e r  

for remotely  posi t ioning a viewing  quartz and a t a r g e t ,   e i t h e r  a t h i n  aluminum 

f o i l  or an aluminum slab,  was provided. The LTV 3-MeV Van de G r a a f f  accelera-  

tor  provided  the beam of  monoenergetic  electrons  for  incident  energies  from 

0.5 t o  3 MeV. I n  the  energy  range  from 0.1 t o  0.3 MeV t h e   e l e c t r o n s  were 

acce lera ted  by a 300-kV Texas Nuclear  accelerator.  The t o t a l  number of   e lec  - 

t r o n s e n t e r i n g t h e  chamber was determined by use  of a cu r ren t   i n t eg ra to r .  As 

shown i n   F i g .  1 the   e l ec t ron  beam w a s  co l l ec t ed   i n  a carbon  Faraday  cup f o r  

t he   ca se   o f   t a rge t s   cons i s t ing   o f   t h in  aluminum f o i l s .  For  the  case of alumi- 

num slabs t h e   e n t i r e   s c a t t e r i n g  chamber was e l e c t r i c a l l y   i n s u l a t e d  and used 

t o   c o l l e c t   t h e  beam. 

B '  

Elec t rons   l eav ing   the   t a rge t  at a given  angle  passed  through a de tec to r  

coll imator-aperture  system which  subtended a solid  angle  of  about 10 sr 

from the   t a rge t   cen te r .  Measurements  of e l ec t ron   y i e lds  were made at s c a t t e r -  

ing  angles  ranging  from 30 t o  150 deg  in  15-deg  increments  for  the  case of 

s ing le   s ca t t e r ing ,   o r   s ca t t e r ing  by t h i n   f o i l s ,  and  from 0 t o  90 deg   fo r   t he  

case of mul t ip ly   sca t te red   e lec t rons .  Alignment  procedures  throughout  the 

experiment  insured  positioning of t h e   d e t e c t o r s   t o   w i t h i n  0.2 deg. The energy 

spec t ra   o f   the   sca t te red   e lec t rons  were determined  by means of   sol id  state 

detector   spectrometers   employing  l i thium-ion-drif t   s i l icon  crystals ,  low noise  

amplifier systems,  and a multichannel  pulse  height  analyzer.   Since  the 

-4 
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incident  energy was va r i ed   f rom  0 .1 to  3 MeV, it was necessary t o  employ 

d i f f e ren t   t h i cknesses   o f   c rys t a l s  t o  obtain  usable  pulse he ight   spec t ra .  

Lithium-ion-drift  wafers of  1-, 2-, and 3-mm thicknesses  were used t o  measure 

spec t r a   fo r   i nc iden t   ene rg ie s  up t o  2 MeV. The appropriate   thickness  was 

chosen t o  maximize t h e   s i g n a l   t o  background  while  stopping  the  electrons corn- 

p l e t e ly   fo r   i nc iden t   ene rg ie s  up t o  1 .5  MeV. In   o rder   to   reduce   de tec tor  

p e n e t r a t i o n   e f f e c t s  at h igher   energ ies   s ing le  wafers of var ious  thicknesses  

were stacked to   ob ta in   th icknesses   g rea te r   than   the   range   of   the   inc ident  

e l ec t rons .  A s  examples   o f   the   d i f fe rences   in   pu lse   he ight   d i s t r ibu t ions  ob- 

ta ined   for   var ious   s tacked-wafer   conf igura t ions ,   pu lse   he ight   d i s t r ibu t ions  

are shown in   F igu res  2 and 3. Figure 2 i l lus t ra tes   the   response   ob ta ined   wi th  

a stacked  configuration  of a 1-mm and a 3-mm wafer, while Fig.  3 shows a r e s -  

ponse  obtained  with a stacked  configuration  of a 2-mm and a 3-mm wafer,  both 

f o r  2.5-MeV e lec t rons .  The r ange   i n   s i l i con   p red ic t ed   fo r  2.5-MeV e lec t rons  

i s  l e s s   t h a n  4.9 mm. In  the  case  of  the  stacked-wafer  configuration  of 4 mm, 

the   e f fec t   o f   e lec t ron   pene t ra t ion   can   be   seen  by a reduct ion  of   the full 

energy  peak and a s izable   broad peak  between the   fu l l   ene rgy  peak and the  

electron-electron  peak. I n  the  case  of  the 5-mm configurat ion it can  be  seen 

t h a t   t h e  full energy  peak i s  r e l a t i v e l y   l a r g e r   w i t h  a reduct ion   in   the  number 

of  pulses  between it and the  e lectron-electron  peak.  I ts  response i s  more 

n e a r l y   l i k e   t h a t   o f  a s ing le  wafer de tec to r .  A diagram  of  the  detector-coll i-  

mator  system  showing the  typical   arrangement   of   the   s tacked wafers i s  shown 

in   F ig .  4. 

A t  each  energy,  spectra were accumulated  with  the  detectors a t  room tempera- 

t u r e  except a t  100 keV. A t  t h i s  energy 1-mm de tec to r s  were enrployed which 
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exh ib i t ed  room temperature f.w.h.m. of 22 keV. A r e s o l u t i o n  of 22% at  100 

keV rendered   the   e lec t ron-e lec t ron   peak   unreso lvable  at t h e  smaller forward 

angles .  By c o o l i n g   t h e   w a f e r   t o  -25OC, ene rgy   r e so lu t ions  were obtained down 

t o  6$, and the   e lec t ron-e lec t ron   peak   could   be   reso lved  and i t s  energy   de te r -  

mined. A spectrum  accumulated a t  a s c a t t e r i n g   a n g l e   o f  30 d e g   f o r  an i n c i d e n t  

energy  of  100 keV i s  shown i n   F i g .  5 .  Typical p u l s e   h e i g h t   d i s t r i b u t i o n s  ob- 

t a ined   fo r   an   i nc iden t   ene rgy   o f  1 MeV wi th  a 2-mm d e t e c t o r  are shown i n  

F igures  6 and 7. These s p e c t r a  are c h a r a c t e r i s t i c   o f   t h e   s p e c t r a   o b s e r v e d  at 

a l l  bombarding energ ies .   F ig .  6 shows a spectrum  accumulated at a s c a t t e r i n g  

angle  of 45 deg. Two p e a k s   i n   t h e   d i s t r i b u t i o n  are v i s i b l e .  The peak at 

h igher   pu lse   he ight  i s  due t o   t h e  Coulomb s c a t t e r i n g  of e l ec t rons   by   t he  atom, 

which i s  l e f t  i n  i t s  ground state after the   in te rac t ion .   This   peak   occurs  

a t  a pulse   he ight   cor responding   to   the   inc ident   energy .  The peak at lower 

pulse   he ight  i s  due t o   e l e c t r o n - e l e c t r o n   s c a t t e r i n g .  The energy   of   e lec t rons  

s c a t t e r e d  by t a r g e t   e l e c t r o n s  i s  determined by the   s imple   k inemat ics   o f   the  

c o l l i s i o n  and therefore   depends on t h e   s c a t t e r i n g   a n g l e .  A t  a n g l e s   g r e a t e r  

than  90 deg, as i l l u s t r a t e d  by  Fig. ‘7, t h i s  peak  does  not  occur. 

Thin   se l f - suppor t ing  aluminum ta rge t s   r ang ing   i n   t h i ckness   f rom 11 t o  271 

,g/crn* were  used i n   t h e   t h i n   t a r g e t   e x p e r i m e n t s .  These t a r g e t s  were fabri- 

cated  by vacuum evaporat ion  of  aluminum o n t o   g l a s s   s l i d e s  which  had  been  pre- 

v ious ly   coa ted   wi th  a t h i n  f i l m  of  soap. The s l i d e s  were p laced   i n  a t r a y  

i n t o  which d i s t i l l e d  water was s lowly   i n t roduced   un t i l   t he   en t i r e   pe r ime te r  

o f   t h e   s l i d e  was i n   c o n t a c t   w i t h   t h e  water. A t  t h i s   p o i n t   t h e  aluminum f o i l  

was g radua l ly   s epa ra t ed   f rom  the   s l i de  as the   soap  f i l m  d i sso lved .  Aluminum 

r i n g s  were used t o  l i f t  t h e   f o i l s   f r o m   t h e  water and t o  provide  support ing 

frames f o r   p l a c e m e n t   i n   t h e   s c a t t e r i n g  chamber. Targe t   th icknesses  were d e t e r -  

mined by  weighing a known area of  aluminum depos i ted  on a s u r f a c e   a d j a c e n t   t o  
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the   t a rge t   s l ides .   Addi t iona l   de te rmina t ions  of t h e   t a r g e t   t h i c k n e s s  were 

made by  measuring the  energy loss o f   t he  5.3-MeV alpha  parr t ic les  from a PO-210 

source .   Rela t ive   th icknesses   o f   the   fo i l s  were obtained,  of  course,  by com- 

paring  the  experimental   cross  sections  reduced  from measurements  from varjous 

f o i l s .  Agreement wi th in   exper imenta l   e r ror  was  found hetween the   var ious  

types of determinations.  Targets of  99.99$ pur i ty   fo r   u se   i n   t he   t r ansmiss ion  

experiment were obtained  from  Reynolds Aluminum  Company t o   s p e c i f i e d   t h i c k -  

nesses corresponding t o  0.2, 0.4 and 0.6, the  range  of 1-MeV e lec t rons  i n  

aluminum. 

I n  o rde r   t o   e l imina te   poss ib l e   mu l t ip l e   s ca t t e r ing   e f f ec t s   i n   t he   t h in  tar- 

ge t  measurements, var ious   th icknesses   o f   fo i l s  were used.   In   addi t ion  the 

t a r g e t  was ro ta t ed   fo r   t he   s ca t t e r ing   ang le s   o f  75, 90, and lo5 deg so t h a t  

t he   pa th   l eng th  of the e l e c t r o n   i n   t h e   f o i l  was minimized. The cont r ibu t ion  

from e lec t rons  which were sca t t e red  from the  chamber walls i n t o   t h e   d e t e c t o r s  

was reduced t o   n e g l i g i b l e   l e v e l s  by means of a t h i c k  aluminum baff le   placed 

across   the   cen ter  of t he  chamber p a r a l l e l   t o   t h e   p l a n e   o f  t h e  target .   x-ray 

backgrounds were significantly  reduced  through  optimally  placed  shielding at 

each   sca t te r ing   angle .  These  backgrounds were determined  by  removing  the tar- 

get  from the  beam and accumulating  spectra at each   angle .   In   the   th ick   t a rge t  

measurements  x-ray  backgrounds were accumulated at each  angle by covering  the 

entrance  aper ture   of   the   detector   with a 0.1-inch aluminum d i sk .  These  back- 

ground subtractions  ranged  from a few p e r c e n t   t o  a 208 correc t ion .  

The s o l i d  state detector   spectrometers  were e n e r a   c a l i b r a t e d  by measure- 

ments of   the  internal   conversion  e lectron  l ines   f rom  the Th (B+C+C") emanating 

source, Cs-137, and  Bi-207.  These sources  provide well resolved  e lectron l i n e s  
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of  energies from 0.148 t o  1.68 MeV and a l low  the   energy   ca l ibra t ion  of t h e  

spectrometer t o  be c a r r i e d   o u t   t o   w i t h i n  1%. 

EXPERIMENTAL RESULTS 

Single   Sca t te r ing  

The y ie lds   o f   sca t te red   e lec t rons  at each  scat ter ing  angle  and inc ident  

energy were obtained by  removing the  response  of   the  e lectron  spectrometer   to  

monoenergetic e l ec t rons  from the   pu lse   he ight   d i s t r ibu t ions .  The response  of 

the  l i thium-ion-drift   single wafer d e t e c t o r s   t o  monoenergetic  electrons was 

found  by  two  methods. One method was to   ex t r ac t   t he   r e sponse  from the   pu lse  

height   dis t r ibut ion  obtained by observ ing   the   e lec t rons   sca t te red  from t h e  

s c a t t e r i n g   f o i l  at a forward scat ter ing  angle   such as 30 deg. Below 1.5 MeV 

the  contr ibut ion  to   the  spectrum  from  " inelast ic"   e lectrons at less than   the  

full pulse  height  peak is very small. In   addi t ion  the  e lectron-electron  peak 

is well resolved and can be e a s i l y  removed from t h e   d i s t r i b u t i o n .  The o the r  

mthod was by use  of a 180-deg  magnetic  beta-ray  spectrometer, which provided 

monoenergetic e l ec t rons  with normal  incidence at the de tec to r   pos i t i on   i n   t he  

spectrometer.  Detectors  used  in  the  experiment were placed  in  the  magnetic 

spectrometer and their   responses  were obtained  for  incident  energies  from 0.2 

t o  1.0 MeV. These responses were found t o  agree wi th  t h e  responses  reduced 

from the   pu lse   he ight   d i s t r ibu t ions  due to   s ca t t e r ed   e l ec t rons .   F ig .  8 shows 

q u a n t i t a t i v e l y   t h e   r e s u l t s  of the  response measurements  from 0.2 t o  1 MeV f o r  

a 2-mm and a 3-mm de tec to r  by both  of  these methods. In t h e  figure t h e   f r a c -  

t ion  of   the  response  corresponding  to   pulse   height   resul t ing from l e s s   t h a n  

the  full energy  deposi t ion  in   the  detector  i s  p lo t t ed  as a f'unction  of  incident 
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energy.  In the determination of t h e   y i e l d  of scat tered  e lectrons,   f rom which 

c ross   sec t ion   va lues  were obtained,  the number of electrons  corresponding t o  

the  full energy  pulse  height were obtained and co r rec t ed   fo r   t he  number of 

e l e c t r o n s   r e g i s t e r i n g  less than   the   pu lse   he ight   cor responding   to   the  full 

energy. A t  the   energ ies  above 1.0 MeV a l l  c o r r e c t i o n s   o f   t h i s  type were ob- 

ta ined  f rom  the  pulse   height   dis t r ibut ions of the   sca t te red   e lec t ron   spec t rum 

at 30 deg.  Thus, t h e   c o r r e c t i o n   t o   t h e   y i e l d   i n   t h e  full energy   l ine  above 

1.0 MeV has  been  obtained  by  integrating  the  pulse  height  spectrum at 30 deg 

f o r  a given  incident  energy after removing t h e  peak  due t o   e l e c t r o n - e l e c t r o n  

s c a t t e r i n g  and app ly ing   t h i s   co r rec t ion   t o   t he   peaks  at a l l  t h e   s c a t t e r i n g  

ang le s   fo r   t he  same bombarding  energy. 

The exper imenta l   c ross   sec t ions  da/dn were  reduced  from t h e  measured 

y ie lds   by   use   o f   the   fo l lowing   re la t ion :  

The quant i ty  N i s  the   y i e ld  of e l ec t rons  measured i n  a known so l id   angle  A n  

at a given  scat ter ing  angle .  The quan t i ty  t i s  t h e  number o f   t a rge t  atoms 

per  square  centimeter  normal t o   t h e  beam d i r e c t i o n  and i s  determined  by  the 

t a rge t   t h i ckness .  The quan t i ty  q i s  t h e  number of e l ec t rons   i nc iden t  on the  

t a r g e t  . 
The experimental   cross  sections were compared t o   t h e  Mott c ross   sec t ion  

f o r  a point,  unscreened  nucleus  which  has  been  calculated  by  Doggett and 

Spencer: These  comparisons a r e  shown in   F ig .  9. The f igure   cons is t s   o f  a 

p lo t   o f   the   exper imenta l   c ross   sec t ions   normal ized   to  the Mott c ros s   s ec t ion  
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as a f’unction  of scattering  angle.  While the  experiinental   results agree within 

the experimental  error at all energies, it is  apparent  that  the  experiment i s  

c loser   to   the   theory  at energies from 0.5 t o  1.5 MeV. The experimental  values 

at 0.1 and 0.2 MeV are below the  theoretical   predictions  while the experimen- 

ta l  values at 2.0, 2.5, and 3.0 MeV are above the  theoretical   predictions.  

A conservative  estimated  error  in  the  experimental  values  of  the  cross 

sections i s  lo$. The largest   contr ibut ion  to   the  es t imated  error  i s  in   t he  

target  thickness  determination, which has  an  average e r ror   es t imated   to  be 

4% f o r  the various  thicknesses  used  in t h i s  experiment.  Since the cross 

section i s  very  dependent on t h e  scattering  angle,   considerable  error can be 

introduced by uncertaint ies   in   set t ing  the  scat ter ing  angle .  However, in   the  

region  of  scattering  angle from 20 t o  60 deg at a l l  energies it was possible 

t o  monitor the  energy  of the electron-electron peak. The energy of t h i s  peak 

is a very  sensit ive measure of the angle and thus  provides a precise means of 

s e t t i ng  the scattering  angle at which  measurements are t o  be made. Additional 

uncertainties  arose from current  integration,  detector  response,  energy C a l i -  

bration, and the effect ive  sol id   angle .  

Transmission Measurements 

Energy spectra of transmitted  electrons  with  an  incident  energy  of 1.0 

MeV were obtained at scattering  angles from 0 t o  90 deg f o r  aluminum slabs 

of 0.11, 0.22, and 0.33 g/cm . Experimental  energy  spectra are shown i n  

Figures 10 through 18 along  with  the  calculated  spectra of  Berger at three 

angles  for  each slab thickness. These spectra were derived from the measured 

pulse  height  spectra by s t r ipping t h e  detector  response t o  monoenergetic 

electrons from the  latter. The response was determined  from  0.2 t o  1.0 MeV 

2 
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by  use  of  the  previously  described  techniques.  The s t r ipp ing   technique  con- 

s i s t ed   o f   f i t t i ng   t he   de t ec to r   r e sponse   t o   monoene rge t i c   e l ec t rons   w i th  a 

histogram  of a width   equiva len t   to   the  f.w.h.m. of  the  Gaussian peak. Each 

pu l se   he igh t   d i s t r ibu t ion  was then  divided  into  energy  groups  corresponding 

to   the  width  of   the  detector   response  his togram and converted t o  a spectrum 

in  histogram  form  by  averaging  the  counts  per  channel  over  each  energy  group. 

The s t a r t i ng   po in t   fo r   t h i s   ene rgy   g roup   d iv i s ion  was always  taken  with  the 

midpoint of the  response  histogram at  1.0 MeV. The y i e ld   i n   t he   h ighes t  

energy  group, or b i n ,   i n  which  counts  appeared was increased by the  percentage 

of counts   thqt   appeared  in   the low  energy t a i l  of   the  detector   response  cor-  

responding t o   t h e  midpoint  energy  of  that  bin. The number of  counts by  which 

t h i s   b i n  was increased was divided by the  remaining number of bins  back t o  

zero  energy. This quot ien t  was subtracted  from  each  of  the  remaining  bins 

s ince   the  low energy t a i l  i s  near ly   constant   in   yield  back  to   zero  energy.  

This  s t r ipp ing   opera t ion  was then  repeated on the  second  highest  energy  bin, 

e t c . ,   u n t i l  a b in   y i e ld  became i n s i g n i f i c a n t   o r   t h e   b i n   i n c l u d i n g  0.1 MeV was 

reached.  This  operation  increased  the number of   e lec t rons   in   the   h igher  

energy  portion  of  the  spectrum and  reduced t h e  number i n   t h e  lower energy  end. 

Th i s  e f f e c t  was most prominent  where large  energy  degradation  occurred as i s  

i l l u s t r a t e d  by  Figures 1-9 through 27. 

The  Monte Car lo   ana lys i s  was carr ied  out   for   12,000  incident   e lectrons,  

and t ransmission  spectra  were ca lcu la ted  above 100 keV fo r   e igh teen  5-deg 

angular  increments.  Since  each  spectrum was d iv ided   in to  25-keV energy  bins, 

as shown in   F igures  10 through 18, the   b ins   wi th   the  maximum number of   e lec t -  

rons  in   the  energy  dis t r ibut ions  contained  counts   ranging  f rom 208 a t  47.5 deg 
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f o r   t h e  0.11 g/cm slab t o  only 3 at 2.5 deg   fo r   t he  0.33 g/cm slab. There- 

fo re ,   t he   f l uc tua t ions   i n   t he   ca l cu la t ed   spec t r a  arise from the l imi ted  number 

o f   e l ec t ron   h i s to r i e s  which were analyzed. Even so t h e  agreement  between t h e  

shapes  of  the Monte Carlo ca lcu la ted  and the measured spec t r a  i s  generally 

good. 

2 2 

A comparison  of t h e  most probable  energy loss of the t ransmit ted  e lectrons 

i s  shown by the p l o t   i n   F i g .  28. Here the  most probable  energy loss i s  p lo t t ed  

as a func t ion   of   sca t te r ing   angle   for   each   s lab   th ickness .  The l i m i t a t i o n s   i n  

making a comparison  of t h i s  type arise from the f a c t  t h a t  t h e  peaks of these 

energy   d i s t r ibu t ions  are broad. The 25-keV b in  width of the ca lcu la ted   spec t ra  

sets t h e  minimum uncertainty  with which it is  poss ib le   to   de te rmine  the energy 

loss. 

Also of i n t e r e s t  are the comparative  yields at each  angle   for  a given  thick- 

ness.  Inspection  of the areas under the histograms in   F igures  10 through 18 

reveals  close  agreement  for most of   the   n ine   spec t ra  shown. A more s e n s i t i v e  

comparison  of these r e spec t ive   y i e lds  i s  shown in   F igures  29 through 31. Here 

the angular   d i s t r ibu t ions ,   o r  the t o t a l  number of e lec t rons   per   s te rad ian   per  

incident   e lectron  versus   scat ter ing  angle ,are   plot ted  for   each slab thickness.  

These  graphs show the r e s u l t s   o f  an integration  over  energy  of  each  of  the 

twenty measured spectra   a long wi th  an integration  over  energy  of  each  of the 

ca lcu la ted   spec t ra  from 0.1 t o  1 .O MeV. The measured  and ca l cu la t ed   y i e lds  

agree to   w i th in  the limits of both  techniques, the estimated  experimental 
" 

er ror   be ing  lo$, except  possibly at t h e  0.11 gm/cm slab thickness.  Here, f o r  

the forward  angles,   the  analytical   yields fa l l  about 35% below the measured 

values. This d i f fe rence  may be p a r t l y  due t o   t h e   a d d i t i o n a l   e r r o r   i n t r o d u c e d  

2 
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in  integrating  the lower beam currents (of the  order of amps)  necessary 

t o  prevent  saturation of the counting system. The experimental  error at these 

angles could be twice  that where beam currents of an order of magnitude higher 

were possible. A t  larger  angles,  for a l l  three slab thicknesses,  the  analytical 

yields become  more uncertain due to   the  decreasing number of e lectrons  in  a 

spectrum. The s ta t i s t ica l   e r ror   a lone  at these  angles approaches 15%. 
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